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OUTLINE

Theoretical framework, wave representation
of noise matrix

On-wafer calibration, reference planes,
probe corrections

» Measurement method

Uncertainty analysis

Results & Checks

Simulations & possible improvements
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FRAMEWORK A

» Formalism follows wave representation of noise
correlation matrix [1]

 Linear two-port (amp, transistor, attenuator,...)
described by

b, a a b
< = S
DS M 5t
‘S i b) (S Splaz) \c
1 2
* Intrinsic noise correlation matrix defined by

N . *
ij‘<°|Cj>

o 2
Normalization: ‘C‘ = spectral power NEISE
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* 4 independent parameters: N,;, N,,, complex N,

» Convenient to define variables referred to input
by scaling ¢, — c,/S,; [2],

kg Xy = <|01|2>= N1
Cz & 02/521 . 2 S
| KXo =(|=2] )= —22
: : B2 <321 > |821|2
(o2 )- 22
1

» X'shave dimensions of temperature.
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Xq+Xo+ 2R{FG—X12}
-7

n.b.: linear fit if just forward configuration.
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« Also measure reverse configuration, <}*
2 1

2 2
1 (1_|FG| j|512| |512321FG|2 S1281 76 X12
= > G + X2 + X1+2R —_—
(1_|r1|2) - ISy |1- TS| 1-T5Sy,
» Canrelate X' sto |EEE parameters,
2
T, =G (Tg +Te) Te = Tiin +1 ‘rG_rom‘ t:@

/ (1-tref s i %
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X's— IEEE ? |IEEE — X's
2
t= X, +}1+ Su/? X, ~ 2Rel1+ S ) X5 ). X, =T, QSM\Z —l)+ t‘l— Sl o
' L+ 1,

X, _‘Fopt‘z[xl_"‘S.Ll‘zXZ _ZRE(SIIXJZ)]

Te,min = 2 , i

(1+‘Fopt‘ ) {7, 2

i XZ :Te,min ‘1+ r 2
opt
T :Z[l— 1—42}
yj
tr; 1-S, T,
) X X = S.LlTe,min _(M(—Slz(M) :
- Xz(“\su\ )+ X, - 2Re(S}1 X, ) ‘1*‘ -
(X2Su = X12) '
Notes: X, = Te

Bound implied by X, >0 NS
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CALIBRATION, REFERENCE PLANES, ...

» Useon-wafer multiline TRL calibration [3] with on-
wafer standards. (Could use acompact cal set to
save red estate.)

 Reference plane defined by center of through (M),
can be trandated since calibration also characterizes
transmission line.

Ref pin i i i i i

1 (]
s [ .

THRU [ G] T " 12um
P DM 12 um back from DT
center of Thru
NESsEE
TRL Calibration Set EMg,ng

Reference DUT layout
350um

i 105um Ref pin
§

Ref pins

(=5 15 s5um | s05um

200um

v S S S — - S
[e] MUt Gl 105um = i - — ‘ ‘ e
e [G] ' [ G] [&] [¢]
75um  200um €] mru LS SHORT
Ref pins Ref pin Ref pin Ref pins
S | E ‘ —
LINE #1 LINE #2 (~2 mm) LOADS
(Nom. 50Q)

/Ref pln Ref pin \
S I : : 1 S
' LINE #3 (~5 mm)
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» Compact cal set (TRL+M) isalso possible.

» Wedo not attempt to deembed down to transistor
reference planes (T).

» Use*“pseudo-waves,” defined with respect to areal
reference impedance of 50 Q. (Allows usto maintain
Pret = |8]% — ||, despite lossy lines on wefer).
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Noise M easurement

* NIST uses aradiometer-based method similar to its
method for packaged amplifiers.

* Ambient & cryogenic (liquid nitrogen) primary
standards.

UTAmb = 0.1 K
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Noise M easurement (cont’ d)

» Radiometer, switch housing with ambient standard.
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» Total-power radiometer, double sideband,
baseband down-conversion, 5 MHz bandwidth
(each sideband), isolated, system noise
temperature = 450 K at 8 GHz, gain = 100 dB. [4]
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On-Wafer Setup M

o S-parameters measured on VNA, noise on radiometer.

» Use discrete terminations on input: slow, painful, but
repeatable & flexible. (Choice of input states still under

T, 2GHz
+ + = Input Terminations
* ok KTy
X X XS
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M easurement Procedure

Radiometer
P=aP +b

1. Seriesof different terminationsi.

2.(a) I3, I, and §; measured with on-wafer cal
(b) T,; measured on wafer

3. Measure T;
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Measurement Procedure (cont’ d)

o[ 4. Compute T,;:
thji;m:?er ‘ = aOZTZ + (1_ aOZ)Tamb
@D ;a == o Toi — (=0 ) Tamp
' (e47%
@ Poavail B ‘521(02)‘2(1_‘r2,i‘2j

where e = ar =
SR e nsa© (1)

5. Measure T,,, = T, in reverse configuration,
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M easurement Procedure (cont’ d)

Radiometer /® . -
e 6. Weighted fit to eqns. for T,
@ /vD o and Tl
®

ﬁ
I
Tpi = a0 ( ‘ll‘ 2 T+ D@ZR{@}
(1_\5,\) - 73S \1 IiSa 1-1,S,

2 2
: {Slz (1_‘&” jT ‘812821 ZL‘ X +X1+2R{SM}

T,(rev.config) =
' (1—\1"1\2J - FZ,LSZZ‘Z ‘1 15,.52| 1-15.%
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UNCERTAINTIES

» Follow 1SO Guide to Uncertainty in Measurement
(GUM) [5]

* TypeA (statistical): obtained in the fitting process,
from covariance matrix V;

ual) =M

* Fitisdonefor X's, so the type-A uncertainties are
for the X's. To get type-A uncertainties for the
| EEE parameters,

NEISsE
MTTS ®
u (IEEE) =\, (IEEE)
5
Vi (IEEE)= X DjiDjjViy (X's)
i =1
aTmi n aTmi n aTmi n aTmi n
axl BXZ JRe X12 alm X12
ot ot ot ot
8X1 BXZ JRe X12 alm X12
D=| dRe gy 0
Xy
d1m 7 op 0
X
0 0 0 0 1
NEISsE
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» Type-B uncertainties are all other uncertainties, i.e.,
not evaluated by statistical means.

* We“know” uncertaintiesin underlying quantities
(Teis Igis Towti+ S Tamp » ---); Want the resulting
uncertainties in noise parameters.

 Estimate them with aMonte Carlo program [2,6]

— use measured values as hypothetical “true” values

— input uncertainties (& distributions) in reflection
coefficients, noise temperature of non-ambient
source, ambient temperature, measurement of
output noise temperature (or power), correlations,

NESsE
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— generate set of simulated measurement data for
Toir Iois Towi S @ Torgy , €04 Trgas = Tirue T &1
where< g>=0, < &> =u?

— analyze simulated data as if it were real data,
compute the “measured”’ noise parameters & G

— discard “bad” data sets

— repeat (sSmulate, analyze, repeat)

— compute type-B uncertainties,

U(y) = RMSE(y) = yVar (y)+ (Y- Yirce)? -

« Standard (combined) uncertainty: u_=./u+u2 NIST

NESsE
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» Vaues used for underlying uncertainties:

Ocor Ouncor
I5,;<0.005: 0.003 0.004
Ig,;>0.005: 0.003 0.004
Sy 0.003 0.004
Tarb - 0.0 0.5K (rect. distr.)
Tin,hot : 1% [7]
Tout meas - 0.8 % 0.6 %

» Will seeresulting uncertainties in noise parameters
below.
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SOME RESULTS e

* Measurements & comparisons done as part of
“Kelvin Project,” with IBM & RF Micro Devices
(RFMD) [8,9]

» 128x3%x0.12 NMOS device

— 128 fingers of polysilicon over

— 3 um wide active channel

—0.12 um gate length

— fabricated in 0.13 um technology (by IBM)
* Bias

— drainvoltage V=12V

—J=25puA/um

NESsE
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S Parameters =

Generally agree well,
but some small differences.

S, a plane D 26 GHz
Frequency ranges RFMD 0.5 7%'Hz (to cover cellular bands)
IBM: 2—-26 GHz ler
NIST: 1-12 GHz NEISE
MTTS @
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Noise Parameters (at D): X's
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Results are probably consistent within expected uncertainties, but it
is clear that the device performance is better than our ability to
measure it.
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Different Reference Planes:
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CHECKS me e
» Get G, =[S, [? from the fit; also measure it
(independently) with VNA. So compare the
two sets of results.
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T, Check

 Can directly measure reverse noise T,

Radiometer

» And can compute T, from noise parameters

2 2
1-|7g[" IS 2 :
1 ( G 2 S12Sulc S12517 6 X1z
T1: > > TG +l_r X2+X1+2R -
(1_\1"1\ j - I5Sy| cS2 652
» S0 do both & compare [9]
NEISE
20—
R2-D
RFMD design MTTS @
B 128x3.0x0.12 um, 1,:=9.60 A
20— >
< e X
< X © %
=] x 3 X ¥ % X 3
] i % x o o ©
0 og o
100
<O < < IBM-D (fromnoise parameters)
] O O O RAVD-D (from noise parameters)
X X X NIST (direct measurement)
w7 R2-D 07\\\\‘\\\\‘\\\\‘
RFMD design 0 5 ey 10 15
1 128x3.0x0.12 pm, 1,=9.60 mA
20
. % %
100; % I
X X X NIST (direct measurement)
7 oo O;\lls‘r-lg(lromnusep‘sa'ar?e's
orward messurements onl
® @ @ NIST-D (full results) Y
0 ‘ T T T T ‘ T T T T ‘
0 10 15
f(GHz) NEISE
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At 1 1 pey. 2 I At. 1 pev 2
N i 1 ‘
L ; : : ;
Ta» S 3 3 TSk ' X S :
"X S ' e
X,Ss

Measure S, X, S, ; pPredict X’& compare.

Have used this test with an isolator for
connectorized amplifiers; very successful. [10]

About to use it on-wafer with an attenuator &
transistor.
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SIMULATIONS & POSSIBLE M

IMPROVEMENTS

Obvious possihility is cal of hot noise source.
Can also use the Monte Carlo uncertainty program to
test possible improvements.
Caution: results are for NIST methods & system.
Expect similar results for other systems, but ...
“Plan” to extend program to more common or more
genera systems & methods.
Consider two possible improvements here:

— Inclusion of one or more reverse noise measurements.[9]

— Useof acold (i.e, significantly below ambient) input
noise source. ST
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Reverse Noise Measurement(s) MITS ®

* Inclusion of one or more reverse noise measurements
improves uncertainties, especially for |7 i
| * B

2 1

T, Uncertainty | 7op: | Uncertainty
157, ° 08 O O O Forward Only
R ; g 007 g © © ©+1ReverseMess.
o o + + + +2Reverse Mess.
8 o L o B 0.06
10i § o . + - $
gE 33 + " Eom o o o o
=1 =1 00 . : . B}
7 O O O Forward Only o
o ¢ o+lReveseMeas 002 ° @ ¢ s o
+ + + +2ReverseMeas $
0.01
0““\““\““\0\‘?“\““\““\
0 5 10 15 0 5 10
f(GHz) f(GHz) =T
Cold Input Noise Source wTTS ®
. 02—
* For maximum effect, want - N
Teoq 8S 10w (and accurate) o
as possible. . x
Pg 0.1; « x
0.05%& "
* Probe causes problems: |
L e
Tl = 0(le + (1 - a)Tamb ° Pt =

1

Tambva |
Wafer

o |If probehas1dB loss, (1 - ¢)T,,,=62K at
Tomp = 296 K.
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ug(dB)

Cold Input Noise Source (cont’ d)

 With reasonable, “good” valuesfor «;, T4, Ureoigs
etc., significant improvement if use cold sourcein
addition to (not instead of) hot source.

025
02
015
01

005

G Uncertainty

© O oBase
O O OH+CNS
(With reverse measurement)

o o ©

Teold(K)

T, Uncertainty

154 <

<o O ©OBase
O O OH+C

MTTS &

NS

(With reverse measurement)

R R

0 5 10
f(GHz)

(Ugrin = 0.15 dB — 0.10 dB)

T
15

NEST

SUMMARY

We measure the noise parameters at an on-wafer
reference plane, but do not deembed to the transistor.

Noise performance of the devices we measure (0.12
um gate length NMQOS) is better than our (and
probably your) ability to measureit.

We believe we have ways to improve the

measurement techniques.

MTTS @
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